During anaerobic growth of Escherichia coli an oxygen-sensitive ribonucleoside-triphosphate reductase, different from the aerobic ribonucleoside diphosphate-reductase (EC 1.17.4.1), produces the deoxyribonucleoside triphosphates required for DNA replication. The gene for the anaerobic enzyme has now been cloned and was found to contain a 2136-nucleotide coding region, corresponding to 712 amino acid residues, and an Fnr binding site 228 base pairs upstream of the initiator ATG. The deduced amino acid sequence shows 72% identity to a gene of coliphage T4, sunY, hitherto of unknown function, suggesting that the virus codes for its own anaerobic reductase. The location of an organic free radical formed during activation of the bacterial anaerobic reductase is proposed to be on Gly-681, since the pentapeptide RVCGY at positions 678-682 shows a striking similarity to the C-terminal sequence, RVSGY, of pyruvate formate-lyase. During activation of the anaerobically induced pyruvate formate-lyase,
of the initiator ATG. The deduced amino acid sequence shows 72% identity to a gene of coliphage T4, sunY, hitherto of unknown function, suggesting that the virus codes for its own anaerobic reductase. The location of an organic free radical formed during activation of the bacterial anaerobic reductase is proposed to be on Gly-681, since the pentapeptide RVCGY at positions 678-682 shows a striking similarity to the C-terminal sequence, RVSGY, of pyruvate formate-lyase. During activation of the anaerobically induced pyruvate formate-lyase, In all living organisms the enzyme ribonucleotide reductase provides the four deoxyribonucleoside triphosphates (dNTPs) required for DNA replication through reduction of ribonucleotides (1) (2) (3) (4) . Several forms of the enzyme have been described in some detail. An a,2 (= R1:R2) form, with the aerobic Escherichia coli enzyme as the prototype, occurs in certain microorganisms and in eukaryotes. The R1 protein of this form contains the substrate binding sites with redoxactive cysteines as well as allosteric sites, whereas the R2 protein contains two Fe(III) diiron centers and oxidized tyrosine radical(s). A second form, with the enzyme from Lactobacillus leichmannii as the prototype, consists of a single polypeptide chain and uses adenosylcobalamin as cofactor (5) . A third form was recently described and isolated to homogeneity from anaerobically grown E. coli (6, 7) . This ribonucleotide reductase is isolated as an inactive homodimer and is activated anaerobically by a multicomponent enzyme system from E. coli that requires NADPH, S-adenosylmethionine, and an unidentified cofactor (8, 9) . The activating enzyme system plus NADPH can be replaced by photochemically reduced deazaflavin (10) . Enzyme activation involves the formation of an organic free radical that forms part of the protein structure. In its behavior this third ribonucleotide reductase shows a considerable similarity to E. coli pyruvate formate-lyase (Pfl), a key enzyme in bacterial anaerobic energy metabolism (11) (12) (13) . Seminal work by Knappe and coworkers (11) (12) (13) demonstrated that Pfl is anaerobically activated by S-adenosylmethionine and an activating enzyme system for which photochemically reduced deazaflavin can partially substitute in vitro. Activation occurs by the formation of an organic radical, localized to a specific glycine residue (Gly-734) of the polypeptide chain (13) .
We have now cloned the gene (nrdD) for the anaerobic ribonucleotide reductase from E. coli and determined its sequenced We find the enzyme to have an overall strong homology with the sequence of a bacteriophage T4-encoded protein (SunY) of hitherto unknown function (14, 15) . Furthermore, a sequence of 5 amino acid residues containing a glycine residue is located in the C-terminal region at a position corresponding to the one surrounding Gly-734 of Pfl and exhibits 80% residue identity to that segment.
MATERIALS AND METHODS
Materials. E. coli strains were W3110 (F-, thyA36, A-), JM109 (recAl, Alac-pro, endAl, gyrA96, thi-J, hsdR17, supE44, relA1/F', traD36, proAB+, lacJq, lacZAM15), and SG2012 (AlonA, gal, AclpA, clpB::KanR; a gift from Susan Gottesman, National Institutes of Health, Bethesda, MD). Vector plasmids pUC18, pTZ18R, and pTZ19R were from Pharmacia. Oligonucleotide primers were synthesized by Scandinavian Gene Synthesis (Koping, Sweden 
, and primer 25c (5'-TT(N)AC(N)AC(Y)TG(R)TC(R)TA(R)TT-3'). Primers 1 and 25c were used in PCR amplification of genomic E. coli DNA. Amplified DNA was separated in a 1.2% agarose gel, blotted overnight onto Hybond-N membrane, and hybridized with 32P-labeled primers 2 and 25n, respectively, following the procedures of Sambrook et al. (16) . An 1100-bp fragment (fllOO) that hybridized with both primers was subcloned into plasmid pTZ19R and sequenced by the dideoxynucleotide termination method.
Isolation of the nrdD Gene. Genomic E. coli DNA was digested by Pst I, electrophoresed in a 1% agarose gel, transferred to Hybond-N membrane, and hybridized with the fllOO probe (32P-labeled according to the recommendations for the multiprime DNA labeling kit). Pst I fragments of -6.5 kb were purified from low-melting agarose gel by using Gelase and subcloned into Pst I-linearized pUC18. The recombinant plasmid pSX25 (Fig. 1) was identified by hybridization with the 32P-labeled f11OO probe (16) .
Construction of Recombinant Plasmids for DNA Sequence Analysis and Expression of the nrdD Gene. Plasmid pSS17 was used for nucleotide sequence analysis. It was constructed by insertion of a 4-kb Sca I fragment from pSX25 into Sma I-linearized pTZ18R (Fig. 1) . The nucleotide sequence of both strands was determined by the manual dideoxynucleotide termination method as well as by Taq DyeDeoxy terminator cycle sequencing on an automated laser fluorescent DNA sequencer (A.L.F., from Pharmacia) using the protocol supplied by the manufacturer. Reverse and universal primers and synthetic oligonucleotide primers (about 0.3 kb spacing) were used. All sequence analysis was performed with the University of Wisconsin Genetics Computer Group program (17) , version 7.0. To construct pEH10 ( Fig. 1 ) a 5.4-kb EcoRI-Hpa I fragment from pSX25 was inserted into Sma I/EcoRI-linearized pTZ18R and transformed into SG2012 host cells for overexpression of the nrdD gene.
Mapping of the nrdD Gene in the E. coli Genome. The 32P-labeled fllOO probe and the 6.5-kb Pst I fragment of pSX25 were hybridized with Kohara library (18) membrane as recommended by the manufacturer (16) . Biochemical Methods. The anaerobic ribonucleotide reductase was prepared from E. coli strain SG2012 carrying plasmid pEH10. Amino acid compositions were determined with a Pharmacia Alpha Plus analyzer after hydrolysis of 2 ,ug of homogeneous reductase in evacuated tubes at 1100C with 6 M HCO and 0.5% phenol for 24 hr.
For the experiments described in Fig. 4 , 2.5 ,g of two separate enzyme preparations were activated for 2 hr anaerobically with S-adenosylmethionine under standard condiPstI HpaI HindIlI HpaI PstI ScaI (9) in a final volume of 0.05 ml. The tubes were then exposed to air at room temperature for 1 hr, and a portion (0.02 ml) was denatured at 100°C with SDS/dithiothreitol and electrophoresed in an SDS/7.5% polyacrylamide gel. The gels were stained with Coomassie brilliant blue and quantitated with an LKB 2222-020 UltroScan XL laser densitometer. One unit of enzyme activity is the amount of reductase which under standard conditions (8) catalyzes the formation of 1 nmol of dCTP per min at room temperature.
RESULTS AND DISCUSSION
Isolation and Sequence Determination ofthe nrdD Gene. The anaerobic ribonucleotide reductase polypeptide separated by SDS/PAGE and digested with a lysine-specific protease gave peptides that have been isolated by HPLC chromatography (7) . Three of these were obtained in homogeneous form and have now been subjected to sequence analysis. The positions of these peptides and the extent of the N-terminal structure determined directly for the intact protein (8) are shown in Fig.  2 . The N-terminal structure and one internal segment (peptide 825) were used to synthesize four degenerate primers (primers 1 and 2 for the N-terminal structure, primers 25n and 25c for the internal segment) for construction of a probe for the nrdD gene (see Fig. 1 ). With primers 1 and 25c, several different fragments were produced after PCR amplification, but only one fragment of 1100 bp hybridized with both primers 2 and 25n. This fragment (fllOO) had terminal nucleotide sequences corresponding to the amino acid sequence of the N-terminal part of the NrdD polypeptide and peptide ,B25.
When E. coli genomic DNA was digested with Pst I and hybridized with fllOO, a single 6.5-kb band appeared. Subcloning of the size-fractionated Pst I-linearized E. coli DNA resulted in one positive recombinant plasmid (pSX25) after screening with the fllOO probe. Southern blotting and restriction enzyme analysis indicated that the nrdD gene was in approximately the middle of the insert (Fig. 1) . However, pSX25 was found to contain two Pst I fragments: the expected 6.5-kb fragment and an additional 2-kb fragment. It has not yet been established whether these two fragments are contiguous in the E. coli genome. Plasmid pSS17 was constructed for DNA sequence analysis, and plasmid pEH10 for overexpression of the gene (Fig. 1) .
The nucleotide sequence of pSS17 and the deduced amino acid sequence of the nrdD gene are shown in Fig. 2 . The open reading frame of the nrdD gene is 2136 bp long and codes for 712 amino acid residues. The deduced amino acid sequence is in complete agreement with the amino acid composition of the pure reductase and with the amino acid sequences determined for the N-terminal part of the protein and the 
2941 GTGGCCCCGATCCTCTATATGGAAGGTGCTTGTGGCGTGCGTCTCAATGCTGACGATGAr 3000
3481 GGCACCAATACACCGAIlGAT'GAGTGCTACGAGTGTGGCTTTACCGGTGAGTTCGAG-TGC 3540 three internal peptides p24, 825, and 826 (Fig. 2) . A consensus ribosome binding site is located 5 bp upstream of the initiator ATG codon. However, there is no upstream TATA box preceded by a -35 promoter consensus sequence. Instead an anaerobic promoter consensus sequence, the Fnr binding sequence (19) (20) (21) , is present 228 bp upstream of the initiator ATG (Fig. 2) . Downstream (-25 nt) of the nrdD gene are two complete and one truncated REP consensus sequences (22) , covering almost 100 nt at the end of the insert in plasmid pSS17. Highly homologous REP sequences separate the two coding regions of the aerobic ribonucleotide reductase (nrdA and nrdB) of E. coli (23) . REP sequences are often found between genes of the same operon (22) ; the occurrence of a REP sequence at the end of the nrdD gene may suggest that it is the 5' part of an operon including other related genes. A potential initiator ATG codon is present at positions 3872-3874.
G T N T P I D E C Y E C G F T G E F E C
Comparison of the E. coli anaerobic ribonucleotide reductase with the E. coli aerobic ribonucleotide reductase and the other members of this class of ribonucleotide reductases shows some homology only in the very N-terminal regions (cf. figure 4 of ref. 8 ). In contrast, one gene in the EMBL data bank (March 1992) shows a striking homology (72% overall amino acid sequence identity) to the nrdD gene. This is the bacteriophage T4 sun Y gene (Fig. 3 ) of hitherto unknown function (14, 15) , suggesting that phage T4 may code for its own anaerobic ribonucleotide reductase in addition to the well-characterized T4-encoded aerobic reductase. The C-terminal parts of E. coli NrdD and T4 SunY also show some homology to E. coli Pfl (Fig. 3) . This similarity probably has physiological significance (see below). All ribonucleotide reductases characterized so far utilize redox-active cysteines during catalysis (1-3). The R1 protein family, including the large subunit of the aerobic E. coli reductase, contains 5 such invariant cysteine residues, each located in short regions of high homology (2) . Neither NrdD nor T4 SunY shows homology to any of these cysteinecontaining regions. On the other hand, the amino acid sequence alignment of NrdD and SunY comprises 10 conserved cysteine residues, 7 of which are located in the C-terminal part of the proteins. At least 2 of these 10 invariant cysteines are likely to be redox-active.
The anaerobic reductase was recently shown to contain an iron-sulfur cluster (10) . The amino acid sequence of the anaerobic reductase contains no typical consensus binding sequences (24, 25) for ferredoxins with Fe4S4, Fe3S4, or Fe2S2 clusters. However, the C-terminal part of the anaerobic reductase has a high cysteine content, and the sequence -Cys-Xaa2-Cys-Xaal4-Cys-Xaa2-Cys-Xaal4-Cys-, covering residues 644-680, is partly reminiscent of iron-sulfur binding motifs. Thus, from sequence comparisons we cannot predict the type of iron-sulfur cluster present in the anaerobic reductase. However, the C-terminal sequence of the protein is fully compatible with the presence of such a cluster.
The nrdD Gene Is Located in a Hitherto Uncloned Part of the E. coli Map. To map the position of the nrdD gene in the E. coli genome, probe fll00 and the 6.5-kb Pst I fragment were hybridized in separate experiments with E. coli Kohara library (18) membranes. Hybridization with fll00 was negative, whereas the 6.5-kb Pst I fragment hybridized with clone 658, covering from kb 4540 to kb 4560 of the E. coli map. This implies that the N-terminal half of the nrdD gene is located in the hitherto uncloned gap around 96 min, close to the genes for fructose bisphosphatase (fdp) and aspartate carbamoyltransferase (purBI).
Included within the pSS17 sequence is another partial open reading frame of 392 codons which runs from the beginning of the nucleotide sequence to the stop codon at nt 1179-1181 (Fig. 2) . This open reading frame has 65% identity to the C-terminal two thirds of Bacillus oligo-1,6-glucosidase (26) . Based on this compelling homology we propose that the E. coli equivalent of oligo-1,6-glucosidase is located upstream of the nrdD gene.
E. coli Containing pEH10 Overproduces Anaerobic Ribonucleotide Reductase. The specific ribonucleotide reductase activity of extracts from two different E. coli strains transfected with plasmid pEH10 ranged from 10 to 25 units per mg of protein, compared with a value of 1 unit per mg of protein in extracts from noninfected, nalidixic acid induced E. coli (8) . Also, the final yield of pure enzyme protein was =10-fold higher when purified from infected extracts.
Exposure of the Activated Reductase to Oxygen Leads to C-Terminal Truncation. After denaturing gel electrophoresis, preparations of the pure anaerobic reductase (8) show two related bands, earlier called ,1 (77 kDa) and 12 (74 kDa). We now rename these two forms of the enzyme to a and a', respectively. The close relationship between the proteins corresponding to these two bands is evident from the finding that 19 monoclonal antibodies prepared against the anaerobic reductase all reacted on Western blots with both bands (27) . The two proteins had the same 15-residue N-terminal amino acid sequence (8) . This leads us to the tentative conclusion that a' is derived from a by loss of =30 amino acid residues from the C-terminal end. To further prove the close relationship, we digested each protein with a lysine-specific protease and characterized the cleavage products by HPLC. Both proteins gave similar patterns in several experiments and we could not find any consistent difference (data not shown). These experiments established the close relationship between the two proteins but did not define the difference between them.
We therefore tried a different approach based on results obtained with Pfl (13) . Exposure of activated Pfl to oxygen resulted in the cleavage of its polypeptide chain at the glycine residue harboring its organic radical with loss of the 25 C-terminal amino acid residues. It seemed possible that a similar mechanism was responsible for the formation of the a' protein of the anaerobic reductase.
To test this hypothesis, pure reductase was first activated anaerobically with S-adenosylmethionine and then exposed to air. After SDS/PAGE the relative amounts of the two forms were determined (Fig. 4) . Before incubation, 1.9 In a sequence of S consecutive residues there are 3 invariant residues, including this glycine residue (Fig. 3) . The remaining positions in this sequence involve a conservative exchange of a serine for a cysteine residue and another difference between only SunY and Pfl. We therefore suggest that a mechanism similar to the one in Pfl is responsible for the removal of the 31 C-terminal amino acid residues of the activated reductase, by cleavage ofthe polypeptide backbone at Gly-681 leading to the formation of polypeptide a' from a. We also propose that the reported processing of the SunY protein (15) is explained by such a mechanism. This then localizes the radical formed during enzyme activation to Gly-681 of the E. coli anaerobic reductase. Even though a definite establishment of this point awaits further experiments, we consider the circumstantial evidence to be strong. in A is calculated to be 25%, that in B to be 42%, and that in C to be 71%.
